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Abstract: Additive manufacturing (AM) revolutionary technologies open new opportunities and
challenges. They allow low-cost manufacturing of parts with complex geometries and short time-
to-market of products that can be exclusively customized. Additive manufactured parts often
need post-printing surface modification. This study aims to review novel environmental-friendly
surface finishing process of 3D-printed AlSi10Mg parts by electroless deposition of gold, silver, and
gold-silver alloy (e.g., electrum) and to propose a full process methodology suitable for effective
metallization. This deposition technique is simple and low cost method, allowing the metallization
of both conductive and insulating materials. The AlSi10Mg parts were produced by the additive
manufacturing laser powder bed fusion (AM-LPBF) process. Gold, silver, and their alloys were
chosen as coatings due to their esthetic appearance, good corrosion resistance, and excellent electrical
and thermal conductivity. The metals were deposited on 3D-printed disk-shaped specimens at
80 and 90 °C using a dedicated surface activation method where special functionalization of the
printed AlSi10Mg was performed to assure a uniform catalytic surface yielding a good adhesion
of the deposited metal to the substrate. Various methods were used to examine the coating quality,
including light microscopy, optical profilometry, XRD, X-ray fluorescence, SEM-energy-dispersive
spectroscopy (EDS), focused ion beam (FIB)-SEM, and XPS analyses. The results indicate that the
developed coatings yield satisfactory quality, and the suggested surface finishing process can be used
for many AM products and applications.

Keywords: additive manufacturing; AlSil0Mg; electroless deposition; gold-silver coatings; laser
powder bed fusion; surface modification

1. Introduction
1.1. Additive Manufacturing

The AlSi10Mg alloy belongs to the hypoeutectic aluminum-silicon group [1]. This al-
loy has good fluidity accompanied by low shrinkage, making it an important cast alloy with
excellent weldability. AlSi10Mg contains about 0.4 wt.% Mg, making the alloy a heat treat-
able material that responds to the precipitation hardening processes [2]. Adding Mg to the
Al-Si alloy allows the formation of Mg,Si precipitations, which considerably strengthens
the matrix without reducing other mechanical properties [1]. The alloy is also hardened by
rapid solidification, where high cooling rates are imposed, refining the microstructure [3].

A high strength/weight ratio, lighter weights, and higher corrosion resistance of
aluminum alloys enable their easy replacement for other materials in different engineering
applications [4]. Recently, additive manufacturing (AM) technologies have been applied for
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fabricating lightweight parts of simple and complex shapes to be used by different engineer-
ing sectors. Additive manufacturing has been used for various materials, including metals
and their alloys. The overall AlSi10Mg alloy properties make the material ideally suitable
for processing using the laser powder bed fusion (LPBF) AM technology and adoption
of the alloy by many industries, including the aerospace and automotive sectors [4-6].
To ensure the high quality of printed specimens, it is essential to understand the impact of
both the LPBF process parameters and the material feedstock properties on the quality of
the parts [7], including the plastic anisotropic behavior; a notable lower ductility is typically
observed for the vertical printed tensile samples when compared to their respective hori-
zontal samples [4-8]. Namely, the study of the unique LPBF solidification conditions and
the material’s thermal history may lead to the understanding of the characteristic defects
(porosity, hot cracking phenomena, and surface roughness), observed in AlSi10Mg alloy
components produced by the LPBF technique [6,7]. The surface quality depends on the
intrinsic material properties as well as on the scan strategies during printing, i.e., contour
scans and skywriting scans. The roughness is typically caused by the parallel running
welding beads and by stairs effect [9].

So far, many studies have investigated the influence of the LPBF process parameters
(i.e., thickness of the printed layer, laser power, scanning speed, build-strategy, chamber at-
mosphere etc.) on the quality of the LPBF parts. For example, Yang studied the influence of
process parameters, such as laser power and scanning speed, on the vertical surface rough-
ness of the AlSi10Mg parts fabricated by LPBF process [9]. Steuben et al. 2019 discussed
the use of a computational enriched analytical solution method (EASM) for AM modeling
and simulation in order to predict the influence of process parameters on the properties
and associated functional performance of the LPBF parts [10]. Understanding the influence
of main LPBF processing parameters on the surface roughness of AM components can be
used for additional process optimization [11]. Surface post-processing techniques, such as
heat treatment, shot peening, polishing, sand blasting, and coatings [12], and the resulting
part qualities for the AlSi10Mg alloy have been discussed before [13-15]. Yet, surface
post-processing techniques increase the production time and cost [12].

In this paper, we add more information on post-AM surface modification, presenting a
novel finishing process and suggesting a methodology for electroless plating of silver, gold,
and their alloys as a method to improve surface quality, both physical and ornamental.

1.2. Electroless Plating of Gold, Silver and Au—-Ag Alloys

The quality of the surface finish of 3D-printed parts produced by the AM-LPBF is
occasionally unsuitable for applications demanding, for example, low roughness and
uniformity. Therefore, additional post-AM surface modification processes, such as machine
finishing techniques and coatings, are frequently applied [16]. Different metallic coatings
are often used, improving electrical, thermal, optical, and mechanical properties, as well
as erosion and corrosion resistance, and achieving a decorative appearance of the AM-
printed parts. See, for example, the paper by Kuo et al. 2017, which specifically stated that
improving the surface quality of additive manufactured parts by minimizing the roughness
of the surface is a promising engineering topic, which can be achieved by coating the
printed surface [17]. The quality of the coating depends on various factors, including
the parameters of the AM process, e.g., the position and orientation, and the presence of
external defects, the part’s surface roughness, and the cleaning process of the surface before
coating [18].

Metal deposition of thin films is accomplished by either physical, chemical, or electro-
chemical methods, such as physical vapor deposition (PVD), chemical vapor deposition
(CVD), and electrochemical deposition (ECD). Electroless deposition (ELD), which is an
electrochemical method, is promising for printed metal surface finishing, since it is rather
simple, relatively (to other methods) inexpensive and, most importantly, it yields good
results [19]. For instant, ELD may be used for the production of 3D-printed micro circuitries
for structural electronic devices [16].
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The electroless plating process is based on the simultaneous metal reduction and
reducing-agent oxidation on an activated surface, where the heterogeneous reactions con-
tinue in an autocatalytic form until the depletion of one of the components (or both),
assuming the bath conditions, such as pH and temperature, are kept unchanged [19].
The electrons for the chemical reduction are provided by the oxidation of a reducing
agent [20]. Hence, the electroless plating occurs without the use of an external current
source, and therefore, it requires a relatively simple bath and control and support units.
The electroless process occurs in an aqueous bath, which is relatively simpler than that of
other metal and alloy deposition such as vacuum-based PVD and CVD equipment [21-25].
In this self-initiating auto-catalytic process, a catalytic substrate is dipped into an aqueous
solution containing metal ions (typically in a complex form), reducing agents, and pH
adjustment components [19,23]. In a few cases, the bath may include also special additives
in a minute amount for special functions such as brightening or leveling [19]. ELD is a con-
trolled method, which has been used industrially for many years, it operates at a moderately
low temperature (<100 °C), and allows high selectivity depositions on both conductive and
non-conductive surfaces [20-23]. The ELD technique provides relatively uniform thickness
of metal and alloy deposits. For example, according to Shacham-Diamand et al. 2000 [26]
and Shukla et al. 2014 [27], electroless silver deposition produces high-quality coating with
a thickness of up to about 1 pm [26-28]. This technique is particularly effective in the case
of deep pores and rough surfaces [28].

ELD manufacturing of nickel-phosphorus (Ni-P) was developed by Brenner and
Riddell [29] in the mid-1940s, and since then, it has been frequently used in numerous
industries as a protective layer [30]. For example, Ni-P film is commonly applied atop
porous surfaces [31]. Crystallization and phase transformation processes of ELD Ni-P
film during thermal processing have roles in determining the material properties [32].
By applying an ELD Ni-P layer on top of an aluminum alloy substrate, the material
properties, such as corrosion resistance, wear resistance, and hardness may be significantly
improved [33,34]. In addition, according to Asher et al. 2009, self-assembled monolayers
(SAMs), such as functional silanes SAMs, may also be applied in order to improve the
metal adhesion to oxidized surfaces [21].

Gold and silver were among the first metals used by ancient societies; both are
transition metals with shiny appearances [35]. Gold and silver have excellent corrosion
resistance, they are soft, ductile, and malleable metals with superb reflectivity and high
electrical and thermal conductivity [36,37]. Electrum, a gold-silver alloy that usually
contains 60 wt.%—80 wt.% Au and 20 wt.%—40 wt.% Ag [38], was initially used during the
first millennium BCE. The first known metal coins used in antiquity, which were dated to
630-620 BCE, were made of electrum [35]. Some ancient electrum items contain more than
20 wt.%—40 wt.% silver [39,40]. For instance, according to Ashkenazi et al. 2017, the fourth
century BCE electrum bar with granules from the Nablus Hoard was composed of 21.6
wt.%—-64.5 wt.% Au and 35.5 wt.%-77.4 wt.% Ag [35].

Applying gold, silver, and electrum coatings over objects made of aluminum alloys
can efficiently shield the parts against corrosion in many severe environments, for instance,
protection against pitting corrosion of Al in a surrounding of NaCl solutions [36]. Silver de-
position is often used to coat aluminum micro-mirrors when high reflectivity is needed in
the visible light, near infrared light, and radio frequency wavelengths [41].

There are different industrial gold and silver ELD processes employing various for-
mulations. However, the associated published technological information is limited as
a result of commercial confidentiality. In addition, industrial processes commonly use
environmentally hazardous materials such as cyanide compounds [42,43]. A few studies
have been published on the electrochemical deposition of Au-Ag alloy films [44-47]. How-
ever, no formulations of ELD for Au—Ag alloy coatings have been published in the open
literature before Inberg et al. 2020 [48].

Electroless gold, silver, and electrum coatings can be useful to improve the properties
of AM-LPBF parts for many applications. For example, in some AM-LPBF AlSil0Mg
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items, additional coatings may be needed to improve electrical and thermal conductiv-
ity or to achieve a certain aesthetic appearance. The shiny and luxurious appearance of
gold [43], silver [42], and electrum [48] plating can be used in numerous applications,
among them replicas of ancient objects, such as valuable coins for museum presenta-
tions [42,43]. ELD of gold [49] and silver [50] metals can also be applied over AM fused
filament fabrication (AM-FFF) acrylonitrile butadiene styrene (ABS) polymer objects when
an appropriate chemical pretreatment process of the surface is done [49,50].

The objective of this research is to study the use of a novel environmentally friendly
ELD finishing process by gold, silver, and electrum, of AM-LPBF AlSil0Mg parts, as a
part of their post-printing surface modification. In addition, based on previous work
of Dresler et al. 2019 [42] and Inberg et al. 2020 [43,48], this review aims to propose a
methodology for effective Au, Ag, and Au-Ag ELD coatings of AM-LPBF AlSi10Mg objects.
We should point out that one of the highlights of the technologies described here is the
surface activation method. Since electroless plating is an autocatalytic process, it requires a
high-quality catalytic surface to initiate the deposition. Any defect in the pre-deposition
process will show up in the final coating. Hence, the SAM surface modification, which was
developed by Osaka and his research group [51], may contribute to the success of the
proposed process. That method was developed originally for a silicon dioxide surface
as a barrier layer. However, it can be applied for other oxidized materials, in our case to
AlSi10Mg, allowing the formation of a stable bond between the SAM adhesion layer and
the substrate.

2. Materials and Experimental Methods
2.1. AM-LPBF AlSi10Mg Disk-Shaped Specimens

The 26 mm diameter disk-shaped samples (Figure 1) and coin replica specimens
were fabricated with an EOSINT M 280 instrument (EOS Company, Krailling, Germany),
which uses the conventional AM-LPBF process. The samples were additively built directly
from computer-aided design (CAD) data (Figure 1a—c). The disk-shaped samples, which
were designed to simulate the look and geometry of ancient metal coins, consist of an
obverse side with two steps (1 mm height each) and a reverse side with planar surface.
The printing compartment was controlled under argon flow (up to maximal oxygen content
of 0.12 %), which lowers the alloy oxidation during the process. The chemical composition
of the as-received AlSi1l0Mg feedstock is shown in Table 1. The particle-size distribution
showed particles ranging between 15 and 75 pum. Scanning electron micrographs reveal that
the powders show an irregular particles shape with a low quantity of elongated particles
and only a limited satellite attachment on the powder surface (Figure 2a). The powder’s
microstructure (Figure 2b) consists of a primary «-Al matrix with cellular-dendritic and
eutectic microstructures with very fine fibrous Si; some scattered micron size porosity is
also evident [42].
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Figure 1. The disk-shaped configuration: (a) front view computer-aided design (CAD) model; (b) top view CAD model; (c)
isometric view CAD model, showing the Z-direction (blue arrow); and (d) typical additive manufacturing laser powder-bed
fusion (AM-LPBF) 3D-printed AlSi10Mg specimen.

Table 1. The chemical composition of the AlSi10Mg powder: Basic standard: BS EN 1706:2020.

Composition (wt %)

Alloy . Cu, Mn, Zn, .
Si Mg Fe Ni, Pn, Sn Ti Al (0] N
9.0- 0.20—
1706 11.0 0.45 <0.55 <0.1 <0.15 Bal. N.A. N.A.

The specimens (Figure 1d) were printed with a 400 W continuous Yb:YAG fiber laser
beam (laser beam diameter ~100 um) along the vertical Z-axis (Figure 1c) with a scanning
velocity of ~1 m-s~!. The temperature of the 250 mm x 250 mm x 300 mm build-platform
was about 35 °C through the manufacturing process. An average layer thickness of ~60
pum prior to melting led to a solid layer thickness of ~30 um after solidification. A post
T5 heat treatment was performed on the as-built speciments, i.e., holding the disk-shape
specimens for 2h at 300 °C in an air-furnace followed by furnace cooling [42].
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Figure 2. The representative surface of an as-printed AM-LPBF AlSi10Mg disk-shaped reference specimen (obverse):
(a) AlSi10Mg feedstock, typical powder particles (SEM); (b) AlSi10Mg characteristic particle’s cross-section; (c) a general
view of the as-printed disk-shaped specimen (multi-focal light microscope); and (d,e) higher magnifications of the disk-

shaped specimen surface (SEM).

2.2. Silver Electroless Plating on AM-LPBF AISi10Mg

A silver electroless deposition bath (Figure 3, Table 2) was developed at Tel Aviv
University (TAU) by Dresler et al. 2019 [42]. This electroless plating process was published
earlier by Shacham-Diamand et al. 2000 [26]; however, it was never examined on the
AlSi10Mg alloy or on any 3D-printed objects until 2019 [42]. The silver film was deposited
by electroless plating on top of disk-shaped substrates covered with native oxide film
(Figure 3a), according to the TAU process protocol [42]. The deposition process was
applied at room temperature from an AgNO3 base solution with hydrazine hydrate, NoHy,
as the reducing agent that was totally oxidized due to the NyHy + 4OH™ — 4e — Nj +
4H,0 anodic reaction. Therefore, no hazardous products remained in the electrolyte after
the silver deposition. Ammonia and acetic acid were used to complex the metal ions and
to preserve the working pH in the range of 10.0—-10.6, e.g., creating an ammonium-acetate
buffer solution. This relatively stable bath was selected, since it yielded good quality silver
coatings on many metal substrates without the need for brighteners [26].

Table 2. The electroless silver bath composition. Adapted with permission from [26,42]. Copyright
2020 Copyright IOPscience. Copyright 2019 Copyright Springer.

Component Concentration (M)
Silver nitrate (AgNO3) 0.03
Ammonia (NH,OH) 1.0

Acetic acid (CH3COOH) 0.5
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Figure 3. Schematic illustration of the gold, silver, and electrum electroless plating process developed for the AM-LPBF
AlSi10Mg surface coating: (a) The 3D-printed AlSi10Mg substrate covered with native oxide (Mg is not presented here since
AlSil0Mg contains less than 0.5 wt.% Mg); (b) surface functionalization: sodium dodecyl sulfate (SDS)/silanization; (c)
surface sensitization (optional), (d) surface Pd activation; (e) deposition of Ni-P interlayer (optional); and (f) electroless
deposition of metal coating [42,43,48].

Before deposition, the surface of all AM-LPBF AlSi10Mg specimens (Figures 1d and
2c—e) was etched at room temperature for 1 min in a NH4F/HEF/Ethylene glycol solution
removing surface oxides. Next, six disk-shaped specimens were silver-plated by electroless
deposition, while six more disk-shaped specimens were coated by an ultra-thin silane
layer (e.g., “silanized”) (functionalization step, Figure 3a,b). This “silanization” process
was conducted at 70 °C for 3 h in 1% 3-aminopropyl-trimethoxysilane (TAPOS)/ethanol
solution [21]. This process, also known as SAM, creates an ultra-thin stable, uniform,
and transparent nano-scale thickness film, improving the adhesion of the Ag layer to the
AlSi10Mg substrate. The SAM’s molecules contain a functional group [52] and chemically
bind to the 3D-printed surface [53], consequently yielding good adhesion [54] of the de-
posited electroless silver to the substrate. The surface of all twelve specimens was activated
for 1 min in a Pd-citrate bath (pH 2) at room temperature (Figure 3c,d), forming metal
catalytic seeds on the surface and initiating the electroless deposition process. The speci-
mens were washed in deionized (DI) water after each step of the coating process (Figure 3).
The silver was deposited for 3, 5, 7, and 10 min. After silver deposition, the coated samples
were heated in an air-oven (MRC Laboratory Instruments, Holon, Israel) for 30 min at 110
°C [42].

A darkening process was applied to the silver coated disk-shaped specimens as well
as to the silver coated 3D-printed coin replica specimens; this was done in order to emulate
the appearance of ancient items. For that purpose, the coated samples were treated in
saturated I, /ethanol solution for 5 min at room temperature, and they were then washed
in ethanol to eliminate unreacted iodine. Following the darkening process, the samples
were air dried at room temperature and finally were polished with a flannel cloth [42].

This electroless silver plating bath and process were compared to a commercial
99.9 wt.% pure Ag coating (Interplate Ltd., Bnei Brak, Israel) produced from a semi-bright
cyanide bath. The silver plating using the commercial bath was executed on a ~9.3 pm
nickel-phosphorus (Ni-P) interlayer containing 10 wt.% phosphorus. The commercial
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processes ended with an air-oven heat treatment at 180 °C for 30 min. Limited informa-
tion is presented here regarding the commercial electroless silver plating process due to
commercial confidentiality [42].

2.3. Gold Electroless Plating on AM-LPBF AlSi10Mg

A laboratory-developed process for gold electroless deposition (Figure 3, Tables 3 and

4) was produced by Inberg et al. 2020 [43] at TAU. The coating was executed at 80-85 °C
from a solution of a dicyanoaurate complex of gold and hypophosphite as a reducing agent
(Table 4). This bath composition was already published by Krusenstern 1974 [55], yet it
has never been applied on 3D-printed AlSi10Mg objects. Since the AlSi10Mg substrate is
covered with native oxide film (Figure 3a), prior to the gold deposition, the surfaces of
all the disk-shaped specimens were cleaned and etched. For this purpose, the specimens’
surface was ultrasonically treated for 10 min at room temperature in a sodium dodecyl
sulfate (SDS) solution (Figure 3b), and the weight of the specimens was reduced by about
0.001 g. The sensitization stage (Figure 3c) was performed at room temperature for 2
min, followed by palladium activation in a Pd-citrate bath [22] for 1 min (Figure 3d),
which was performed also at room temperature. The Pd activation was done in order to
generate catalytic seeds (nucleation sites) on the metal surface to initiate the ELD process.
To improve the gold adhesion to the AlSi10Mg substrate and prevent pitting corrosion
of the coating, the gold film was deposited on an interlayer of ~1 um nickel-phosphorus
(=5 wt.% P, Figure 3e). Ni-P plating was carried out at 95-96 °C for 1 h in the solution
given in Table 3. The specimens were washed in DI water after each step and at the end of
the process. Following the gold deposition (Figure 3f, Table 4), the specimens were heated
in an air-oven at 110 °C for 30 min [43].

Table 3. The electroless Ni-P solution composition (pH = 4-6). Adapted with permission from [43].
Copyright 2020 Copyright Springer.

Component Concentration (M)
Nickel(II) sulfate hexahydrate (NiSO4-6H,0) 0.114
3-Na-citrate (NazCgH507) 0.043
Sodium hypophosphite (NaH,;PO,) 0.094
Sodium acetate (NaCH3COO) 0.037

Table 4. Laboratory-developed electroless gold bath composition. Adapted with permission from
[43]. Copyright 2020 Copyright Springer.

Component Concentration (M)
Potassium dicyanoaurate [KAu(CN),] 0.007-0.010
Ammonium chloride (NH4Cl) 1.3-14
3-Na-citrate (NazCgH507) 0.155-0.170
Sodium hypophosphite (NaH;PO,) 0.075-0.094

The laboratory-developed coating was compared to a commercial coating process
(Interplate Ltd., Bnei Brak, Israel) where the Au film was produced from a semi-bright
cyanide bath. The commercial gold plating was executed on a ~10 pm thick Ni-P (=8 wt
% P) interlayer. After the gold deposition, the coated samples were heated for 30 min in an
air-oven at 180 °C. Only partial information is presented here regarding the commercial
procedure due to commercial confidentiality [43].

2.4. Gold-Silver Electroless Plating on AM-LPBF AlSi10Mg

A process for electroless Au—-Ag plating on 3D-printed disk-shaped specimens was
developed by Inberg et al. 2020 (Figure 3) [48]. Prior to the deposition process, the oxide
film (Figure 3a) that covered the AlSi10Mg surface was ultrasonically cleaned and etched
for 10 min in a 12 g/L SDS solution at room temperature (Figure 3b). The quality of the
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coating depends on the surface roughness, post-treatment of the AlSil0OMg substrate, and
the cleaning process. The cleaning and etching steps reduced the weight of the 3D-printed
specimens by about 0.001g. Next, a sensitization process was applied (Figure 3c) at room
temperature for 2 min in a solution of SnCl, /HC1 (70 g/L of SnCl, and 40 mL/L of HCI).
Palladium activation of the surface (Figure 3d) was done in a Pd-citrate solution for 1
min at room temperature to generate metal catalytic seeds that serve as nucleation sites.
An Ni-P interlayer was deposited on the AlSi10Mg specimens (Figure 3e, Table 3) to
improve the adhesion of the Au-Ag alloy to the substrate (Figure 3f). The electroless
Au-Ag plating (Table 5) was performed at 80 and 90 °C and several times between 1.5 and
9 min. The specimens were washed in DI water after each step and at the end of the Au-Ag
deposition process. Following the electrum deposition, the specimens were heated treated
at 100 °C in an air-oven for 30-60 min [48].

Table 5. The laboratory-developed bath for Au-Ag electroless deposition (KOH, pH = 12), molar
ratio [Ag]/[Au] in solution 1:2.

Component Concentration (M)
Potassium dicyanoaurate [KAu(CN);] 0.007
Potassium silver cyanide [KAg(CN);] 0.0035
3-Na-citrate (Naz3CgHs07) 0.170
Hydrazine hydrate (HgN,O) 0.015
Polyethylene glycol 1500 (PEG 1500) 0.0003
Sodium saccharin (C;H4NNaO3S) 0.002

2.5. Characterization Methods

The following characterization procedures and tests were applied to the AM-LPBF 3D-
printed AlSi10Mg disk-shaped specimens before and after Ag, Au, and electrum coating:

(a) The specimens were weighed in their as-printed condition, after cleaning, after etch-
ing, after coating by Ni-P interlayer, and after the final coating. The measurements
were made with an analytical MRC ASB-220-C2 balance (MRC Laboratory Instru-
ments, Holon, Israel) with a precision of +0.0001 g [42,48].

(b) A qualitative pilling test was performed on all coated specimens with transparent
vinyl tape in order to evaluate the adhesion of the metal coatings to the printed
substrate [42].

(c) The thickness of the Ni-P interlayer and the electroless deposited Au, Ag, and Au-Ag
films was measured by a calibrated high-resolution FISCHERSCOPE X-RAY XDL 230
X-ray fluorescence (XRF) instrument (Fischer Technology, Inc., Windsor, CT, USA),
with an approximation error of £0.1 um [42]. Each measurement was performed in a
circle of ~1 mm in diameter for 30 s.

(d) Average roughness (Ra) and root mean square (RMS) roughness measurements were
accomplished with Alpha-Step D-500 Stylus profilometer (KLA Corporation, Milpitas,
CA, USA), with vertical high-resolution profiling of 0.1 nm. The average surface
roughness was calculated considering seven to 10 measurements [42].

(e) X-ray diffraction (XRD) analysis was performed before and after electroless coating
with a powder PANalytical Empyrean X-Ray Diffractometer (Malvern Panalytical
Company, Malvern, UK) to determine the crystal structure and lattice constants of
the coated layers. Data were collected in the common symmetrical Bragg—Brentano
geometry (6/6) using a Cu Ko radiation (wavelength of A = 1.541 A) operating at
40 kV and 30 mA. Phase identification from the XRD results was done by using
International Centre for Diffraction Data (ICDD) databases and Pearson’s handbook
with the assistance of a PowderCell program for powder pattern calculation [48,56].

(f) HIROX RH-2000 digital 3D multi-focal light microscope (LM) (HIROX Company,
Tokyo, Japan), equipped with different optical lenses, a high-intensity LED lighting
source, and powerful 3D software, was used to characterize the specimens’ general
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surface quality before and after coating and to identify microscopic discontinuities
and defects [43,57].

(g) Scanning electron microscopy (SEM) observation and energy-dispersive spectroscopy
(EDS) analysis were performed with an ESEM FEI Quanta 200 FEG instrument
(FEI Company, Hillsboro, OR, USA) in the high vacuum mode, before and after the
electroless coating. An Everhart-Thonley secondary electron liquid-nitrogen-cooled
Si(Li) X-ray EDS detector (Oxford Instruments Company, Abingdon, UK), calibrated
with standard specimens received from the instrument manufacturer, was utilized to
measure the chemical composition of the substrate and the coating. The EDS analysis
provided results with an estimated error of 1% [42].

(h) Focused ion beam (FIB) technology with an accelerated high-energy gallium ions
source, equipped with high-resolution SEM Helios 600 SEM/FIB dual beam (Thermo
Fisher Scientific, Waltham, MA, USA), was applied in order to observe the cross-
section of the silver, gold, and electrum plated specimens. Before digging into the
specimen, a thin layer of platinum was deposited (voltage of 2.0 kV and current
of 2.7 nA) on the surface of the samples to protect the deposited films during the
milling processes. The digging was performed with a high voltage of 30.0 kV and a
beam current of 21.0 nA, which was followed by etching with a 6.5 nA beam current.
The FIB’s milled cut dimensions were 15 um x 15 um, with a depth of ~7 pm [42].

(i) X-ray photoelectron spectroscopy (XPS) profiling with an Al Kot monochromatic
irradiation source (1486.6 eV) was performed to the electrum coated specimens by
using 5600 Multi-Technique System (PHI Inc., Chanhassen, MN, USA) in an ultra-
high vacuum (UHV) with a base pressure of 2.5 x 10~!° Torr. The specimens were
not charged during the analysis. The outcome electrons were examined with a
Spherical Capacitor Analyzer (SCA), using a 0.8 mm slit aperture. The sputtering was
performed with a 4kV Ar* Ton Gun using 17 A /min sputter rate on SiO, /Si and was
assumed to be approximately three times higher on Au-Ag [48].

3. Results
3.1. AM-LPBF AlSi10Mg Disk-Shaped Specimens

The disk-shaped specimens and the coin replica specimens revealed rough and slightly
porous surfaces (Figure 4a—c), as expected for vertical AM-LPBF AlSi10Mg surfaces [9,12,58].
The measured mass values of the AM-LPBF AlSi10Mg disk-shaped specimens were between
4.817 and 4.859 g, with diameter values lying between 25.90 and 26.07 mm. The as-printed
surface roughness of the specimens was 21.23 um according to RMS and 17.03 um according
to Ra measurements [42].

LM and SEM observation of the specimens revealed a rough surface morphology
(Figure 2c—e). SEM-EDS analysis revealed that the AlSi10Mg disk-shaped specimens were
composed of aluminum, containing 9.8 wt.%—11.3 wt.% Si, ~2.3 wt.% O, and 0.4 wt.%—0.5
wt.% Mg [42].

The XRD analysis of the AlSi10Mg samples (Figure 5a) exhibited the characteristic
peaks of Al and Si (Al-Si eutectic structure), yet since the content of Mg is relatively low
(less than 0.5 wt.%), Mg or its compound peaks were not detected [42].
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Figure 4. The experimental specimens before and after coating: (a) the as-printed AM-LPBF AlSi10Mg disk-shaped reference;
(b,c) the as-printed AM-LPBF AlSi10Mg coin replica (obverse and reverse, respectively); (d) the as-printed disk-shaped
specimen coated with Ag; (e,f) the coin replica coated with Ag; (g) the disk specimen coated with Ag after darkening

process; (h,i) the coin replica coated with Ag after darkening process; (j) the disk-shaped specimen coated with Au; and

(k1) the coin replica coated with Au.

3.2. Silver Electroless Plating on AM-LPBF AlSi10Mg Disk-Shaped Specimens

The disk-shaped and coin replica specimens coated with the laboratory-developed
silver film exhibited a relatively uniform bright but not shiny surface, with rough topog-
raphy (Figure 4d—f). Yet the surface of the silver coated samples was less rough than the
bare surface. The measured mass values of the silver coated specimens were between
4.838 and 4.890 g. The mass of the silver deposited layer was measured to be 0.002 g for the
3 min coating and 0.066 g for the 10 min coating. The qualitative pilling test examination
of the silver-coated samples (with and without SAM) revealed a high-quality coating.
A satisfactory appearance of authentic ancient objects was achieved for both silver-coated
disk-shaped and coin replica specimens after the darkening process (Figure 4g—i) [42].

The XRD analysis of the silver-coated surface (Figure 5b, Graph 1) revealed character-
istic peaks of the Ag, Al, and Si, as expected of the AlSi10Mg surface coated with ~1 pm
silver film. The presence of characteristic peaks of aluminum and silicon probably results
from the existence of voids and cavities in the silver film [42].

The thickness of the silver coating with silanization treatment was 1.06 £ 0.12 um
and without silanization was 1.16 & 0.16 um (XRF results, Figure 6a). The average RMS
and Ra surface roughness values (measured by profilometer) were both reduced after
coating (Figure 6b). The SAM layer had no noteworthy effect on the Ag layer deposition
rate allowed by the Pd—Ag binding energy [23,42]. SEM observation of the coated surface
revealed a rough surface morphology (Figure 7a,b). The roughness values were reduced
when the deposition time was increased (Figure 6b).
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Figure 5. XRD patterns of the: (a) as-printed AM-LPBF AlSil0Mg substrate; (b) AlSil0Mg disk-

shaped specimens coated with laboratory-developed silver (Ag thickness of ~1 um, Graph 1) and

commercial coating (Ag thickness ~16 um, Graph 2).
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Figure 6. The laboratory-developed silver coating on top of AM-LPBF AlSi10Mg substrate: (a) film
thickness as a function of deposition time with and without silanization; and (b) RMS and Ra surface
roughness without silanization (measured by profilometer).

SEM-EDS analysis of the coated disk-shaped specimens revealed that the silver layer
contains up to 2.1 wt.% O, up to 1.8 wt.% C, and 0.7 wt.% Al. FIB-SEM examination of the
3 min silver coated specimen’s cross-section (Figure 8a,b), revealed that the silver layer
thickness varies between 0.5 and 1.0 um. The silver film showed a wavy topography
behavior with some grooves, which were caused by the high roughness of the AlSi10Mg
substrate and the absence of an Ni-P interlayer [42].

2 mm

T —

Figure 7. SEM images of the AM-LPBF AlSil0Mg disk-shaped specimens after silver electroless
plating: (a,b) the external surface of the laboratory-developed Ag coated specimen; and (c,d) the
external surface of the commercial Ag coated specimen.

The commercial silver-coated disk-shaped specimens exhibited uniform shiny metal
surfaces with rough topography; however, the coated surface roughness was smaller than
that of the as-printed surface. The qualitative pilling test of the commercial silver coating
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also confirmed good adhesion. The measured thickness (using the XRF technique) of the
commercial coating was between 14.80 and 17.00 um. The XRD analysis of the commercial
silver film showed characteristic peaks of the Ag (Figure 5b, Graph 2). SEM examination of
the coated specimens revealed a surface morphology practically similar to the amorphous
materials (Figure 7c,d). EDS analysis of the commercial coating shows that it was composed
of 100 wt.% Ag [42].

3.3. Gold Electroless Plating on AM-LPBF AlSi10Mg Disk-Shaped Specimens

The disk-shaped specimens and the coin replica specimens coated with the laboratory-
developed gold film revealed uniform bright and shiny surfaces, with rough topography
(Figure 4j-1). Yet the surface of the coated specimens was slightly less rough than the
uncoated surface [43].

The XRD analysis of the laboratory-developed specimen (Figure 9a) revealed that it
was composed of crystalline Au and partially quasi-amorphous Ni. Characteristic peaks of
the Al and Si were also detected [43].

Ag layer

El AlSiloMg

Figure 8. SEM images of the laboratory-plated AlSi10Mg sample following selective material milling
by the focused ion beam (FIB) technology starting from the specimen surface: (a,b) cross-section
of the Ag-plated sample, showing the hole cut by FIB, the Pt wall behind the hole, and the printed
substrate with the Ag layer on top; (c,d) a cross-section of the Au-plated sample, showing the hole
cut by FIB, the Pt wall, the substrate, the ~1 um Ni-P (=5 wt.% P) layer, and the Au layer on top
(white layer); (e,f) cross-section of the electrum-plated sample, showing the hole cut by FIB, the Pt
wall, the substrate, the Ni-P layer, and the Au-Ag layer on top.
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Figure 9. XRD patterns of the AlSil10Mg printed disk-shaped specimens electroless gold plated,
the dark line represents the current experimental results: (a) laboratory-developed Au coating and

(b) commercial Au-plated coating.

The thickness of the Au film according to the XRF measurements was 0.07 pm for the
3 min deposition and 0.70 pm for the 10 min deposition (Figure 10a). The mass values of
the coated specimens including the Ni-P and gold layers were between 4.888 and 4.939
g. The mass of the deposited gold layer was 0.024 g for the 1 min coating and 0.079 g for
the 5 min coating. The average RMS and Ra surface roughness were both slightly reduced
after the coating process (Figure 10b), which may be attributed to the Ni-P interlayer (with
thickness of 1 um). Moreover, the roughness values monotonically decrease with deposition
time (Figure 10b). Nevertheless, it is important to note that the thickness of the Ni-P interlayer
and the gold film are both well below the average surface roughness. Therefore, the surface
appearance of the AM-LPBF AlSi10Mg substrate on the macroscopic level is quite close to
that of the laboratory-developed Au coated specimens (Figure 11a,b) [43].
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Figure 10. The gold coating on top of AM-LPBF AlSi10Mg printed substrate: (a) film thickness as the
function of time; and (b) the RMS and Ra roughness (measured by profilometer).

The deposited gold was too thin to allow the use of conventional metallographic
cross-section methods. Therefore, a cross-section was created by FIB technology, enabling
FIB-SEM examination of a 5 min gold coated specimen (Figure 8c,d). A relatively uniform
film of gold coating was observed, with thickness varying between 0.09 and 0.13 um.
At the microscopic level, this uniform gold film does not follow the wavy topography
of the AM-LPBF AlSil0Mg substrate. The AM-LPBF AlSi10Mg surface roughness was
relatively reduced by the addition of the Ni-P interlayer as expected [32]. The FIB-SEM
thickness measurements were in good agreement with the XRF technique measurements.
For instance, the XRF measurements of the 5 min gold deposited specimen gave a measured
film thickness of 0.17 um [43].
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200 pm
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Figure 11. Multi-focal optical light microscope (LM) images of the AM-LPBF AlSi10Mg disk-shaped
specimens: (a,b) laboratory-developed Au coating; and (c,d) commercial Au coating.

The commercial gold coated disk-shaped specimens displayed relatively uniform
shiny metal surfaces with rough topography (Figure 11a,b). Yet the coated surface was less
rough than the AM-LPBF AlSi10Mg surface. The qualitative pilling test of the commercial
gold film also shows good adhesion. The measured thickness of the commercial coating
was 0.50 & 0.02 um according to XRF measurements. The XRD analysis of the commercial
gold film revealed that the coated surface is composed of crystalline Au and nanocrystalline
Ni-P (Figure 9b). Asymmetric peak profiles were observed by Inberg et al. 2020, owing to
overlapping of Au and Al Bragg reflections. Naturally, beneath the coatings, the substrate
was composed of Al and Si crystalline phases [43].

3.4. Gold-Silver Electroless Plating on AM-LPBF AlSi10Mg Disk-Shaped Specimens

Based on the visual testing examination, the Au-Ag coated AM-LPBF AlSi10Mg disk-
shaped specimens exhibited uniform shiny metal surfaces with rough topography (Figures
12 and 13). Yet the Au-Ag coated specimens were somewhat less rough than the uncoated
ones. It is noteworthy that the specimens deposited with 1:1 Ag/Au molar ratio of solution
(Figure 12b—d) and 1:2 Ag/Au molar ratio of solution at 80 °C (Figure 12e-h) display a shiny
gray-silver color coating. Yet specimens produced with 1:2 Ag/Au molar ratio of solution
at 90 °C (Figure 12i-1) exhibited a shiny yellow—gold color coating. The qualitative pilling
test of the Au-Ag coated specimens revealed high-quality adhesion [48]. LM examinations
of the electrum coated specimens exposed rough topography, but it was slightly less than
that of the as-printed surface, with rather uniform shiny metal surfaces (Figure 13), whereas
the films deposited at 80 °C were shiny gray-silver with a slight yellow tone (Figure 13c—f),
and the film deposited at 90 °C was shiny yellow—gold (Figure 13g,h).
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Figure 12. The AM-LPBF AlSi10Mg disk-shaped specimens, coated with electroless Au-Ag film:
(a) as-printed reference specimen; (b—d) specimens coated with 1:1 Ag/Au molar ratio of solution at
80 °C; (e-h) coated with 1:2 Ag/Au molar ratio of solution at 80 °C; and (i-1) specimens coated with
1:2 Ag/Au molar ratio at 90 °C.

200 pm

Figure 13. Optical images of the AM-LPBF AlSil0Mg disk-shaped specimens’ surface: (a,b) as-
printed sample; (c,d) covered with electroless electrum layer, produced with 1:1 Ag/Au molar ratio
of solution at 80 °C; (e,f) covered with electroless electrum layer, produced with 1:2 Ag/Au molar
ratio of solution at 80 °C; and (g,h) covered with electroless electrum layer, produced with 1:2 Ag/Au
molar ratio of solution at 90 °C.

The XRD analysis results of the laboratory-developed electrum coatings revealed that
they were composed of an Au-Ag crystalline solid-solution phase, with lattice parameter
between 4.076 + 0.001 A and 4.080 + 0.001 A, depending on molar ratio of the metals in the
solution and the temperature of the coating process; underneath the Au-Ag film, a quasi-
amorphous or a mixed quasi-amorphous and nanocrystalline Ni-P interlayer (Figure 14,
Table 6) was found. It should be noted that the Ni-P interlayer of the samples deposited at
80 °C displays a disordered atomic-scale quasi-amorphous structure, whereas the interlayer
on samples deposited at 90 °C exhibits a mix of a quasi-amorphous and a nanocrystalline
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structure. Since the deposition process was performed below 100 °C, the crystallization
around nucleation centers occurred at a low rate, allowing the growth of quasi-amorphous

or mixed Ni-P phases [48].
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Figure 14. XRD patterns of the AlSi10Mg disk-shaped specimens electrum-plated with laboratory-
developed electroless coating; the dark line represents the current experimental results: (a) produced
with 1:2 Ag/Au molar ratio of solution at 80 °C; and (b) produced with 1:2 Ag/Au molar ratio of

solution at 90 °C.
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Table 6. Phase identification and electrum lattice parameter for the Au-Ag coated specimens.

Characteristics of Characteristics of  Characteristics

Specimen Lattice (IZ:)r ameter the Au-Ag the Ni-P of the
Coating Interlayer Substrate
1:1 Ag/Au molar ratio s
o 4.080 (£0.001) Richin Ag, .
at 80 °C solid-solution Quasi-amorphous Major
: i talline ph
1:2 Ag/ 1?1; 511(&1& ratio 4.079 (£0.001) crystalline phase crystalline
a phase AlMinor
o Mix of crystalline
. Rich in Au, . .
12 Ag/Au n}olar ratio 4.076 (£:0.001) solid-solution quasi-amorphous phase Si
at90 °C . and
crystalline phase .
nanocrystalline

The total mass values of the Ni-P interlayer and the electrum deposited films were
between 0.012 and 0.044 g. The mass of the Au-Ag films increases substantially during the
first 3-4 min of the deposition process (Figure 15a). A very thin Au-Ag film, with thickness
up to 0.363 um, was measured by an XRF instrument (Figure 15b). The measured thickness
of the Ni-P interlayer was between 2.3 and 5.7 um [48].



Coatings 2021, 11, 422

20 of 28

14
o (2) ==9= 80°C, 1:2 Ag/Au molar ratio of solution
& 12 === 90°C, 1:2 Ag/Au molar ratio of solution
-’
Q0 1w s e
= 10} §----* »
J= ’
< 4
S s !
o !
*F 6 - 4
= /
= J
. 4 ’
= /, ———---'6
@ ’ ).———"'
@ .
-1 2 ’ s’
E ,,/ ,I
o=
0 ‘_--" ] | ] ]
0 2 4 6 8 10

Deposition time (min)

500

400 [~

Coating thickness (nm)

=== 80°C, 1:1 Ag/Au molar ratio of solution
==§-= 80°C, 1:2 Ag/Au molar ratio of solution
= =ik= 90°C, 1:2 Ag/Au molar ratio of solution

2 4 6 8 10
Deposition time (min)

Figure 15. Laboratory-developed electrum (Au—-Ag) coatings deposited at 80 and 90 °C: (a) mass of

the coating after eliminating the Ni-P interlayer contribution vs. deposition time; and (b) thickness

of the coating film (measured by X-ray fluorescence instrument) vs. deposition time.
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The RMS and Ra surface roughness values of the Au—-Ag coated specimens were some-
what lower than the roughness of as received AM-LPBF AlSi10Mg surface (Figure 16). This may
be explained by the surface smoothing of the as-printed surface by the Ni-P interlayer. More-
over, when the deposition time was increased, the RMS and Ra roughness values were reduced
(Figure 16) [48].
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Figure 16. The root mean square (RMS) and roughness (Ra) roughness of the AM-LPBF AlSi10Mg
disk-shaped specimens coated with electrum film (measured by profilometer) vs. deposition time.

The Au-Ag coating deposited from a solution with 1:1 Ag/Au molar ratio at 80 °C was
characterized by the FIB-SEM technique (Figure 8e—f). The relatively uniform electrum film
was achieved due to the Ni-P interlayer, with average Au-Ag thickness of ~0.1 um [48].

Based on the XPS profile analysis (Figure 17), the thickness of the Au-Ag layer after
3 min deposition at 80 and 90 °C was ~0.1 and 0.25 pm, respectively. For electrum
deposition from a 1:2 Ag/Au molar ratio solution, silver was dominant at 80 °C in Au-Ag
film, at the beginning of the deposition process and at 90 °C, gold was first identified on
the interface [48].
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Figure 17. XPS elemental analysis profiles of the Au-Ag film coated on the disk-shaped specimen:
(a) deposition made with 1:1 Ag/Au molar ratio in solution at 80 °C; (b) deposition made with 1:2
Ag/Au molar ratio in solution at 80 °C; and (c) deposition made with 1:2 Ag/Au molar ratio in
solution at 90 °C.

4. Discussion

AM-LPBF technology has great potential for various industrial applications, among
them electronics, aerospace, biomedical, heat exchangers, lightweight structures [59],
and electric motors [60]. In some AM-LPBF objects, additional post-printing surface
modification is needed to improve surface properties.

The current review has been done based on information available in the literature
(the last search was done in March 2021) and as a part of an ongoing study performed
by the authors [42,43,48]. The objective of this study was to review a novel laboratory-
developed environmental-friendly and low-cost surface finishing process of AM-LPBF
AlSi10Mg parts by electroless deposition of gold, silver, and gold-silver alloys, and to
propose a methodology suitable for an effective metallization process. For that purpose,
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an introduction is presented, reviewing the manufacturing technology of 3D printing of
AlSi10Mg parts by AM-LPBF technology. Next, a literature survey is presented concerning
the ELD process of gold, silver, and Au-Ag alloys. In the materials and experimental
methods part, the fabrication process of AM-LPBF AlSi10Mg specimens is described,
including the printing parameters and the chemical composition of the AlSi10Mg powder.
Next, the electroless plating processes of Ag, Au, and Au-Ag alloy on top of AM-LPBF
AlSi10Mg specimens is described, and the specific bath composition of each coating process
is presented. In addition, the characterization methods of Dresler et al. 2019 [42] and
Inberg et al. 2020 [43,48] are presented, while displaying the parameters of each method.
In the results part, the final Ag [42], Au [43], and Au-Ag [48] ELD coatings on top of the
AM-LPBF AlSi10Mg disk-shaped specimens and their characterization analyses results are
presented. This part includes weighed and thickness measurements, qualitative pilling test
results, thickness measurements of the Ag, Au, Au-Ag deposited films, and of the Ni-P
interlayer, measurements of Ra and RMS roughness values before and after coating, XRD
analysis results of the coatings, 3D multi-focal LM, SEM, and FIB-SEM observations of
the specimens’ surface and their cross-section, and XPS elemental depth profile analysis.
Lastly, in the discussion part, the results of the examined Ag, Au, and Au-Ag ELD films
are compared and discussed, and a methodology is suggested.

The Ag, Au, and Au-Ag ELD coatings were chosen based on their esthetic appearance,
good corrosion resistance, and their excellent electrical and thermal conductivity. In the
case of the electroless silver plating, the thickness of the Ag film grew significantly and
linearly during the first 3 min of the deposition process; then, the thickness growth started
to slow down until film thickness saturation was reached (Figure 6a). In the case of the
electroless gold plating, at the beginning of the process, the gold deposition rate was lower
than the silver deposition rate. Although an acceleration in the Au deposition rate occurred,
the coating thickness did not reach saturation (Figure 10a). In the electrum deposition
process, the kinetics were similar to the silver deposition process; hence, thickness growth
started to slow down with time until saturation of the film thickness was accomplished
(Figure 15b).

Only a small reduction of the surface roughness compared to the as-printed AlSi10Mg
substrate was observed in all laboratory-developed electroless deposition processes. This may
be explained by the thinness of the metal covering of the very rough as-printed LPBF surface.
The surface roughness values of the laboratory-developed Ag, Au, and Au-Ag coatings
were marginally reduced after plating (Figure 6b, Figure 10b, and Figure 16, respectively).
Despite the kinetic differences observed in the deposition rate and thickness growth of the
Ag, Au, and Au-Ag films (Figure 6a, Figure 10a, and Figure 15b, respectively), the decrease
in roughness due to the increase in the thickness of the coating is similar for all coated metals
(Figures 6b, 10b and 16, respectively); i.e., the roughness decreases as the deposition time
increases.

All the laboratory-developed Ag, Au, and Au-Ag films showed a relatively uniform
bright surface at the macroscopic level, exhibiting a rather rough topography. At the mi-
croscopic level of the laboratory-developed silver and gold deposits, small grains (a range
of a few tens to a few hundreds of nanometers) were observed by SEM and multifocal
LM (Figures 7b and 11b). According to Duhin et al. 2011, the presence of such a tiny
grain structure is the result of the usage of nanometric-scale Pd particles, which serve as
nucleation sites during the deposition process [61]. Phase identification of the Au, Ag, and
electrum-coated specimens by XRD analysis revealed that the coatings were composed of
crystalline phases [42,43,48]. The microstructure of the commercial Ag and Au coatings is
slightly different, with a smoother macrostructure appearance (Figures 7d and 11c). This is
due to the use of different manufacturing processes, including bath composition, applied
interlayer, and post-deposition heat treatment [42,43]. Elevated temperature heat treatment
allows grains to coalescence quickly due to a higher driving force, leading to smoother
macrostructures [44,62].
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FIB-SEM examination of the 3 min silver-coated specimen cross-section (Figure 8a,b)
revealed a non-uniform silver film; the thickness varies between 0.5 and 1.0 pm, following the
rough wavy topography of the as-printed AlSi10Mg substrate [42]. Relatively uniform gold
and electrum films were attained due to the presence of Ni-P interlayer (Figure 8c,d) [43],
with an average thickness of ~0.1 um.

Based on the XPS profile analysis of the 1:2 Ag/Au molar ratio in solution, the thick-
ness of the electrum layer after 3 min of deposition time from a solution with 1:2 Ag/Au
molar ratio was ~0.1 um for 80 °C and 0.25 um for 90 °C (Figure 17b,c). The film thickness
determined by XRF and FIB-SEM analyses showed close results. When the electroless
deposition (1:2 Ag/Au molar ratio) was performed at 80 °C, the Ag was dominant at the
beginning of the process. However, when the deposition process (1:2 Ag/Au molar ratio)
was performed at 90 °C, the Au was first detected on the interface. This can be explained
according to the electrochemical properties of the metals and the binding energies needed
to form metal-Ni and Au-Ag bonding.

The proposed 20-step methodology for effective ELD and characterization of Au, Ag,
and Au-Ag films for AM-LPBF AlSi10Mg parts includes three major sections: the AM-LPBF
printing process (Figure 18a), the ELD process (Figure 18b), and the full quality characterization
of the coating (Figure 18c). The AM-LPBF 3D printing steps are as follows (Figure 18a): (1)
materials selection, (2) CAD design, (3) software workflow, (4) object fabrication (printing), (5)
post processing, and (6) testing of the printed object. The ELD process steps (Figure 18b) are as
follows: (7) functionalization of the surface (-OH/-NH, termination), (8) surface sensitization
(optional), (9) surface Pd activation, (10) Ni-P electroless deposition (optional), and (11) Au, Ag, or
Au-Ag electroless deposition. The full characterization of the coating quality includes the use of
various measurements and analyses (Figure 18c): (12) dimensions and mass measurements, (13)
XRF thickness measurements (14) pilling test, (15) optical profilometry, (16) light microscopy, (17)
SEM-EDS analysis, (18) XRD analysis, (19) FIB-SEM, and (20) XPS analysis. It is noteworthy that
full-scale characterization is needed only during the development stage of the coating process.

(a) AM-LPBF 3D printing process:

Material selection
and control

CAD design Software Printing Post processing Testing
workflow

(b) Electroless deposition process:
Functionalization Sl..ll'.fﬂCE: Sur.ﬁlce. Pd NiP electroless Metal electroless
sensitization activation deposition deposition

(¢) Characterization of the coatings quality:

Dimensions XRF 8 :
and mass thickness ity m(;ll:)t;‘::‘le . Light SEI“_E]-)S XRD FIB-SEM an)n(a]l) Ssis
measurements ) | measurements LSt 1+ T f|mieroscopy]| analysis v

Figure 18. A schematic illustration of a suggested methodology for effective Au, Ag, and Au-Ag
electroless deposition (ELD) coatings of AM-LPBF AlSi10Mg parts: (a) the AM-LPBF process, post-
processing, and quality control; (b) the ELD process steps; and (c¢) recommended characterization
methods for the analysis of the Au, Ag, and Au-Ag ELD films.

5. Conclusions

Additive manufactured parts frequently need post-printing surface improvement
and modification. The aim of this review was to present a novel laboratory-developed
environmental-friendly surface finishing process of AM-LPBF AlSil0Mg parts by elec-
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troless deposition of Ag, Au, and Au-Ag alloys; a relatively simple, low-cost method
allowing the coating of conductive and non-conductive materials. The Ag, Au, and Au-Ag
were deposited on as-printed disk-shaped specimens using a dedicated surface activation
method, and the coating quality was characterized by various methods. The results re-
vealed that the coatings were composed of crystalline phases or mixed quasi-amorphous
and nanocrystalline phases. Similar roughness was observed with and without the use of
SAM coating, due to the high roughness of the AM-LPBF AlSi10Mg specimens and the
submicron thickness of the SAM film. The optional ~1 pm Ni-P interlayer improved the
adhesion between the substrate and the coated metal, reduced the coated surface rough-
ness, and improved the specimen’s overall quality, as shown by the FIB-EDS observations.
The roughness of all plated specimens was somewhat reduced as the thickness of the
coated layer was increased. In the case of the electrum deposition, at 80 °C, the Ag was
dominant at the beginning of the process, whereas at 90 °C, the Au was first noticed on the
interface. Adequate quality coatings were obtained for all developed electroless deposition
processes. A major advantage of the developed Ag, Au, Au—-Ag ELD coatings is the low
processing temperature. Another significant benefit of the processes is the avoidance of
environmentally hazardous material. The developed finishing processes and the proposed
full process methodology are suitable for an effective metallization and can be useful as
a post-processing step for many other AM-LPBF printed applications for electrical and
thermal conductivity enhancement and to improve the appearance of the part.
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